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ABSTRACT 
I o n i z a t i o n  p r o b a b i l i t i e s ,  8 ,  have been measured f o r  i r o n  atoms 
i n c i d e n t  upon t a r g e t  gases  of H e ,  N e ,  N2,  C02, and a i r .  
Fe atoms are obtained by i n j e c t i n g  s o l i d  i r o n  p a r t i c l e s  of known 
v e l o c i t y  and mass i n t o  a l o w  pressure  gas  t a r g e t  where c o l l i s i o n a l  
h e a t i n g  raises the temperature  of t h e  p a r t i c l e  t o  t h e  vapor i za t ion  
po in t .  Atoms evaporated from the  p a r t i c l e  t r a v e r s e  t h e  gas  a t  a 
v e l o c i t y  e s s e n t i a l l y  equal  t o  the  v e l o c i t y  of t h e  s o l i d  p a r t i c l e  and 
t h e s e  atoms c o n s t i t u t e  t h e  atomic "beam". For v e l o c i t i e s  i n  excess  
of 
number of atoms i n j e c t e d  i n t o  the  t a r g e t  g a s ,  NAY is s p e c i f i e d  by t h e  
p a r t i c l e  mass. The number of ions  produced i n  t h e  t a r g e t  volume, NI, 
i s  determined by means of a p a r a l l e l  p l a t e  i o n i z a t i o n  chamber. 
d e f i n i t i o n ,  f3 = NI/NA. 
s e c t i o n  u can be  obtained froiri these r e s u l t s  and f o r  t h e  p a r t i c u l a r  
case of Fe atoms inc iden t  on a N2 t a r g e t ,  t h e  d a t a  are i n  q u a l i t a t i v e  
agreement wi th  publ ished d a t a  obtained us ing  more convent ional  techniques.  
The e n e r g e t i c  
20 km/sec t h e  inc iden t  par t ic le  i s  completely vaporized and t h e  
By 
An estimated va lue  of t h e  i o n i z a t i o n  c ross -  
I 
* 
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1. INTRODUCTION 
A r e c e n t  paper by two o f  t h e  authors '  descr ibed  a method of measuring 
t h e  i o n i z a t i o n  p r o b a b i l i t y ,  B y  f o r  c e r t a i n  types  of metall ic atoms inc iden t  
on gaseous t a r g e t s  and d a t a  were presented f o r  i r o n  atoms i n t e r a c t i n g  wi th  
t a r g e t  gases  of a i r  and. argon. Addit ionai  measurements utilizing seme&at 
improved techniques have been completed and t h e  r e s u l t s  are repor ted  here in .  
I n  t h e  p re sen t  work, B w a s  determined f o r  Fe atoms inc iden t  on t a r g e t  gases  
of He ,  N e ,  N 2 ,  C02,  and a i r  over the  v e l o c i t y  range from about 15 km/sec t o  
about  45 km/sec. This  corresponds t o  an  energy range from 65 e V  t o  590 e V  
f o r  t h e  inc iden t  Fe atoms. 
The i o n i z a t i o n  p r o b a b i l i t y  as  used he re  is  def ined  as t h e  r a t i o  of 
t h e  number of ion-e lec t ron  p a i r s  N c r ea t ed  i n  a t h i c k  gas  t a r g e t  t o  t h e  I 
number of atoms NA i n j e c t e d  i n t o  t h e  gas  t a r g e t  a t  a given v e l o c i t y  o r  
energy. 
are l a r g e  enough t o  ensure  thermal iza t ion  of t h e  most e n e r g e t i c  atoms whi le  
w i t h i n  t h e  conf ines  of the t a r g e t  volume. It can be seen t h a t  B i s  not  a 
t r u e  p r o b a b i l i t y  s i n c e  i t  can exceed u n i t y  f o r  h igh  inc iden t  ene rg ie s .  I n  
t h e  l i m i t  of a s i n g l e  c o l l i s i o n ,  8 i s  equal  t o  t h e  r a t i o  of t h e  i o n i z a t i o n  
c ross -sec t ion ,  uI, t o  t h e  c o l l i s i o n  c ross -sec t ion ,  u 
p r o b a b i l i t y  t h a t  a g iven  c o l l i s i o n  w i l l  produce an  ion  p a i r .  
c o l l i s i o n  cond i t ions ,  6 becomes a t o t a l  i o n i z a t i o n  p r o b a b i l i t y  and is equal  
t o  t h e  sum of the i o n i z a t i o n  p r o b a b i l i t i e s  f o r  each c o l l i s i o n  involved i n  
thermal iz ing  t h e  i n c i d e n t  atom. 
The term "thick" impl ies  t h a t  t h e  t a r g e t  gas  d e n s i t y  and volume 
0 
s i n c e  B is  t h e  C Y  
For m u l t i p l e  
I f  t h e  i n c i d e n t  atom energy l i e s  i n  a r eg ion  where t h e  i o n i z a t i o n  
c ros s - sec t ion  f a l l s  o f f  r a p i d l y  with decreas ing  energy, t h e  f i r s t  
c o l l i s i o n  is  t h e  only one which con t r ibu te s  s i g n i f i c a n t l y  t o  t h e  sum. 
I n  t h i s  case t h e  i o n i z a t i o n  p r o b a b i l i t y  is, t o  a good approximation, simply 
t h e  r a t i o  of c r o s s  s e c t i o n s  mentioned above. When t h e  i o n i z a t i o n  c r o s s  
s e c t i o n  is not  changing r a p i d l y  with energy, c o l l i s i o n s  o t h e r  t han  
t h e  f i r s t  c o n t r i b u t e  and 8 is  a more involved func t ion  of t h e  c r o s s  s e c t i o n s .  
B r e p r e s e n t s  a n  upper l i m i t  t o  t h e  r a t i o  of i o n i z a t i o n  c r o s s  s e c t i o n  t o  
t o t a l  c r o s s  sec t ion .  
d a t a ,  and f o r  t h e  p a r t i c u l a r  ca se  of Fe atoms inc iden t  on N2 molecules ,  t h e  
. 
It i s  poss ib l e  t o  estimate uI from t h e  experimental  
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d a t a  i s  shown t o  be a t  l e a s t  i n  qua l i ta t ive  agreement wi th  t h e  r e s u l t s  
ob ta ined  by Bukhteev and Bydin. 2 
2. EXPERIMENTAL PROCEDURES 
A d e t a i l e d  d e s c r i p t i o n  of the  b a s i c  experimental  method is contained 
i n  Ref. 1 and only  a b r i e f  review w i l l  be given here .  The e n e r g e t i c  Fe 
atoms are  obtained by in t roducing  high v e l o c i t y ,  sub-micron d iamter ,  s o l i d  
i r o n  p a r t i c l e s  i n t o  a low pressure  (Q .05 t o  0.2 Torr)  t a r g e t  gas .  The 
s o l i d  par t ic le  i s  heated and vaporized by c o l l i s i o n s  wi th  t h e  gas  molecules 
i n  t h e  t a r g e t  gas. 
a c c e l e r a t o r  
The p a r t i c l e s  are obtained from an  e l e c t r o s t a t i c  p a r t i c l e  
3 which c o n s i s t s  p r i n c i p a l l y  of a 2-mill ion-volt  Van d e  Graaff 
genera tor  and a charged p a r t i c l e  i n j e c t o r  . 3Y4 
A ske tch  of t h e  experimental  assembly is  shown i n  F igure  1. The 
v e l o c i t y  vo and charge q of each p a r t i c l e  is measured p r i o r  t o  en te r ing  
t h e  gas  t a r g e t  by means of capac i t i ve  d e t e c t o r s  which have been descr ibed  
elsewhere.  4 y 5  
of a r ec t angu la r  v o l t a g e  pulse ,  i s  d isp layed  on one trace of a dua l  beam 
osc i l l o scope  (Type 555 Tektronix) .  Although t h e  output  s i g n a l  from a n  
i n d i v i d u a l  d e t e c t o r  i s  s u f f i c i e n t  t o  spec i fy  t h e  p a r t i c l e  v e l o c i t y ,  t h e  
accuracy is improved by providing a longer  f l i g h t  pa th .  
o sc i l l o scope  sweep i s  t r i g g e r e d  by t h e  output  s i g n a l  from a s e p a r a t e  de- 
t e c t o r  upstream from t h e  charge de t ec to r .  
of t h e  osc i l l o scope  sweep and the  appearance of t h e  charge d e t e c t o r  s i g n a l  
is simply t h e  t r a n s i t  t i m e  between t h e  d e t e c t o r s  which s p e c i f i e s  t h e  
v e l o c i t y .  
i n  F igure  1 is t o  select p a r t i c l e s  w i t h i n  a v e l o c i t y  range compatible wi th  
a given set of condi t ions .  
experiment . 
The s i g n a l  from one of t h e s e  d e t e c t o r s ,  which is i n  t h e  form 
i n  p r a c t i c e ,  t h e  
The t i m e  de lay  between t h e  s ta r t  
The func t ion  of t h e  p a r t i c l e  parameter s e l e c t i o n  system6 shown 
A l l  o t h e r s  are au tomat i ca l ly  d e f l e c t e d  from t h e  
Given par t ic le  charge q and v e l o c i t y  v from a n a l y s i s  of t h e  d a t a  
is c a l c u l a t e d  
0 
and t h e  t o t a l  a c c e l e r a t i n g  vol tage  V,  t h e  pa r t i c l e  m a s s  m 
from t h e  conserva t ion  of energy equat ion i .e . ,  1 / 2  mOvO 2 O  = qV. 
I I 
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e The s o l i d  p a r t i  les a r e  in j ec t ed  i n t  t h  s t a r g e t  r eg ion  through 
the channels  of a one-stage d i f f e r e n t i a l  pumping system. 
t h e  t a r g e t  chamber is  adjus ted  by means of a p r e c i s i o n  v a r i a b l e  l e a k  c o n t r o l  
and i s  cont inuously monitored w i t h  a P i r a n i  gauge. The abso lu te  p re s su re  
of t h e  t a r g e t  gas  i s  not  p a r t i c u l a r l y  c r i t i c a l ;  t h e  p r i n c i p a l  requirement 
being t h a t  t h e  par t ic le  be cmple te ly  7.7apcrized while within the conf ines  
of t h e  t a r g e t  chamber. 
The p res su re  w i t h i n  
Upon en te r ing  t h e  t a r g e t  gas,  t h e  temperature  of t h e  s o l i d  p a r t i c l e  
is r a i s e d  t o  t h e  vapor i za t ion  poin t  due t o  c o l l i s i o n s  wi th  t a r g e t  gas  
molecules.  It can be shown t h a t  t he  remaining mass of an  evaporat ing par- 
t i c l e  which i s  dece le ra t ed  from an i n i t i a l  v e l o c i t y  v t o  a lower v e l o c i t y  
v is given by 
0 
where u = A/2rS. The q u a n t i t i e s  A ,  r ,  5 are, r e s p e c t i v e l y ,  t h e  hea t  
t r a n s f e r  c o e f f i c i e n t ,  t h e  drag c o e f f i c i e n t ,  and t h e  l a t e n t  hea t  of vapori-  
z a t i o n .  As shown i n  Ref. 1, t o  obta in  m = .01 m r e q u i r e s  only a 4% decrease  
i n  v e l o c i t y  f o r  a n  i n i t i a l  v e l o c i t y  of 40 km/sec. 
i n i t i a l  v e l o c i t i e s ,  where t h e  k i n e t i c  energy p e r  atom is  l a r g e  compared t o  
t h e  binding energy, t he  p a r t i c l e  i s  e s s e n t i a l l y  t o t a l l y  vaporized whi le  
s u f f e r i n g  n e g l i g i b l e  (or  a t  least small)  d e c e l e r a t i o n .  Thus, t h e  number 
of atoms i n j e c t e d  i n t o  t h e  t a r g e t  gas  i s  simply t h e  t o t a l  number of atoms 
contained i n  t h e  s o l i d  p a r t i c l e .  
0 
I n  o t h e r  words, f o r  h igh  
The v e l o c i t y  of atoms evaporated from t h e  s u r f a c e  of t h e  p a r t i c l e  
re la t ive t o  t h e  p a r t i c l e  is presumed t o  be governed by t h e  s u r f a c e  
temperature  of t h e  p a r t i c l e  (t 3,000"K). 
is q u i t e  small compared t o  t h e  t r a n s l a t i o n a l  v e l o c i t y  of t h e  p a r t i c l e  and, 
t h e r e f o r e ,  t h e  atoms have a d i r ec t ed  v e l o c i t y  very  n e a r l y  equal  t o  t h e  
i n i t i a l  v e l o c i t y  of t h e  solid p a r t i c l e .  The p res su re  wi th in  t h e  t a r g e t  
chamber i s  such t h a t  t h e  c o l l i s i o n a l  mean f r e e  p a t h  of atoms evaporated 
from t h e  p a r t i c l e  is very  l a r g e  (by a f a c t o r  of about 5,000) compared t o  
The mean thermal (random) v e l o c i t y  
a 
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t h e  p a r t i c l e  diameter .  
w i th  r e spec t  t o  t h e  p a r t i c l e  is r e l a t i v e l y  s m a l l ,  t h e  p r o b a b i l i t y  of a 
vaporized atom o r  one of i t s  reac t ion  products  having a subsequent c o l l i s i o n  
wi th  t h e  primary p a r t i c l e  is  small. 
Even though t h e  v e l o c i t y  of t h e  evaporated atoms 
Having spec i f i ed  t h e  t o t a l  number of atoms i n j e c t e d  i n t o  t h e  gas  and 
t h e i r  mean v e l o c i t y ,  t h e  remaining p a r t  of t h e  problem is  t o  measure t h e  
number of ion-electron p a i r s  c rea ted  i n  t h e  gas .  This  is  accomplished by 
means of an  i o n i z a t i o n  chamber cons i s t ing  of a p a i r  of gold-plated p a r a l l e l  
p l a t e s  56 c m  long by 8.8 cm wide separated by a d i s t a n c e  of 5.3 c m .  
par t ic les  are i n j e c t e d  along a plane midway between t h e  two p l a t e s .  
two p l a t e s  are e l e c t r i c a l l y  biased i n  oppos i t e  d i r e c t i o n s ;  one se rv ing  as 
t h e  p o s i t i v e  ion  c o l l e c t o r  and the  o t h e r  c o l l e c t s  e l e c t r o n s  (or  nega t ive  
ions ) .  Each of t h e  p l a t e s  i s  a-c coupled t o  h igh  input  impedance s o l i d  
s ta te  ampl i f i e r s .  
and a pass  band from 100 cps  t o  l m c / s e c .  
s t a g e  w a s  f i xed  a t  about 1 / 2  msec by adding a f ixed  capac i tance  i n  
p a r a l l e l  wi th  t h e  capac i tance  t o  ground of t h e  c o l l e c t o r  p l a t e .  
RC decay t i m e  is very  long compared t o  t h e  t i m e  i n t e r v a l  over  which ions  
(or  e l e c t r o n s )  were c o l l e c t e d ,  t he  i o n  ( e l ec t ron )  cu r ren t  is  e f f e c t i v e l y  
i n t e g r a t e d  a t  t h e  input  s t age .  
Qc = V 
V 
g a i n  of t h e  ampl i f i e r .  
c r e a t e d  NI is equal  t o  Qc/e where e i s  t h e  u n i t  e l e c t r o n i c  charge.  
method of measuring C and G has  been descr ibed i n  Ref. 1. The output  
s i g n a l s  from t h e  two c o l l e c t o r s  a r e  d isp layed  on osc i l l o scopes  and photo- 
graphed f o r  later a n a l y s i s .  
parameters  of t h e  p a r t i c l e  which c rea ted  t h e  ions  is accomplished i n  a 
s t r a igh t fo rward  manner. 
The 
The 
The a m p l i f i e r s  have a n  o v e r a l l  vo l t age  g a i n  of about 50 
The RC decay t i m e  of t h e  input  
S ince  t h e  0 
The t o t a l  charge c o l l e c t e d  Qc is given by 
C / G  where Cc is t h e  t o t a l  input  capac i tance  of t h e  a m p l i f i e r ,  
i s  t h e  amplitude of t h e  in t eg ra t ed  s i g n a l  i n  v o l t s ,  and G is  t h e  v o l t a g e  
Assuming s i n g l y  ionized atoms, t h e  number of i ons  
c c  
C 
The 
C 
Cor re l a t ion  of t h e  output  s i g n a l s  w i th  t h e  
The p r i n c i p a l  improvement over t h e  work r epor t ed  i n  Ref. 1 has  been 
Two opposing problems, which can i n  t h e  des ign  of t h e  i o n i z a t i o n  chamber. 
e f f e c t  t h e  v a l i d i t y  of t h e  r e s u l t s ,  combine t o  p l a c e  somewhat s t r i n g e n t  
requirements  upon t h e  abso lu te  gas p re s su re ,  chamber geometry, and ion  
c o l l e c t i o n  vol tage .  The problems are  e l e c t r o n  m u l t i p l i c a t i o n  i n  t h e  gas  a 
-5- 
and t h e  escape of e n e r g e t i c  i ons  and atoms. 
To avoid e l e c t r o n  m u l t i p l i c a t i o n ,  which would inc rease  t h e  number of 
i on  p a i r s  c r ea t ed  i n  t h e  gas  t a r g e t ,  a low e lec t r ic  f i e l d  and a s h o r t  co l -  
l i s i o n a l  mean f r e e  pa th  are required.  
decreased by lowering t h e  p o t e n t i a l  b i a s  on t h e  c o l l e c t i n g  p l a t e s ,  i t  be- 
comes p o s s i b l e  f o r  s c a t t e r e d  ions  t o  reach  t h e  p o s i t i v e  c o l l e c t i n g  p l a t e  
i n s t e a d  of t h e  nega t ive  p l a t e .  
ene rg ie s  and, even a f t e r  s e v e r a l  c o l l i s i o n s  wi th  gas  molecules,  t h e  ion  
energy may be s u f f i c i e n t l y  g r e a t  t o  overcome t h e  p o t e n t i a l  b a r r i e r  a t  t h e  
plate .  
However, i f  t h e  e l e c t r i c  f i e l d  is 
This problem is  most severe  a t  high 
One way of avoiding t h i s  problem is t o  i n c r e a s e  t h e  a b s o l u t e  gas  
p re s su re  so t h a t  t h e  ions  s u f f e r  more energy absorbing c o l l i s i o n s  be fo re  
reaching t h e  w a l l .  
of e l e c t r o n  m u l t i p l i c a t i o n .  However, i nc reas ing  t h e  t a r g e t  gas  p re s su re  
dec reases  t h e  range  of t h e  primary p a r t i c l e .  S ince  t h e  d i f f e r e n t i a l  pump- 
ing system has  channels  of f i n i t e  l eng th  ( 1  cm), t h e  p a r t i c l e  begins  t o  
h e a t  up w i t h i n  t h e  channel and, for  excess ive  p re s su res ,  par t ic le  vapori-  
z a t i o n  can begin before  t h e  p a r t i c l e  reaches  t h e  main t a r g e t  chamber. 
p a i r s  produced i n  t h i s  reg ion  would not  be c o l l e c t e d .  
This  has t h e  added v i r t u e  of lowering t h e  p r o b a b i l i t y  
Ion  
Although t h e r e  is  no unique s o l u t i o n  which s a t i s f i e s  a l l  of t h e  re- 
quirements  uver t h e  en t i re  snergy raiige, t h e  t a r g e t  chmber  w a s  designed 
w i t h  t h e s e  cons ide ra t ions  i n  mind. S u f f i c i e n t  l a t i t u d e  w a s  a v a i l a b l e  t o  
minimize t h e  e f f e c t s  of ion  escape and e l e c t r o n  m u l t i p l i c a t i o n  f o r  any 
g iven  set of condi t ions .  
determined by d e t a i l e d  examination of t h e  s i g n a l s  from t h e  i o n i z a t i o n  
chamber. 
The ex i s t ence  of e i t h e r  of t h e s e  e f f e c t s  could be 
I n  practice,  t h e  c o l l e c t o r  v o l t a g e s  were kept  as small as p o s s i b l e  
c o n s i s t e n t  wi th  n e g l i g i b l e  ion  l o s s  whi le  s imultaneously maintaining t h e  
h ighes t  gas  p re s su re  poss ib l e  cons i s t en t  wi th  t h e  problem of premature 
p a r t i c l e  vapor i za t ion .  Poss ib l e  e r r o r s  due t o  t h e s e  e f f e c t s  are es t imated  
t o  be  less than  a few p e r  cen t  a t  high v e l o c i t i e s  and are n e g l i g i b l y  small 
a t  t h e  low end of t h e  v e l o c i t y  range. 
v o l t a g e s  ranged from p l u s  and minus 45 v o l t s  t o  p l u s  and minus 11 1 / 2  v o l t s  
The a c t u a l  va lue  of t h e  c o l l e c t o r  
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depending upon t h e  t a r g e t  gas  and t h e  v e l o c i t y  range under s tudy.  
r e t r o s p e c t ,  i t  appears  t h a t  t h e  ion escape problem may have been under- 
es t imated  t o  some ex ten t  i n  t h e  e a r l i e r  p a p e r  because some discrepancy has  
been noted f o r  a i r  d a t a  obtained with t h e  d i f f e r e n t  t a r g e t  chambers, 
p a r t i c u l a r l y  a t  t h e  high v e l o c i t y  extreme. However, t h e  probable  e r r o r s  
I n  
from the least sq-ugres fit - -  LU L-LL  UULLI seis of data ~ ~ ~ r l a p  ~ V E E  at 
h igh  v e l o c i t i e s .  
d a t a  are i n  e x c e l l e n t  agreement. 
A t  low v e l o c i t i e s  where ion  escape is n e g l i g i b l e ,  t h e  
3 .  EXPERIMENTAL RESULTS 
The experimental  r e s u l t s  f o r  Fe  atoms inc iden t  on t a r g e t  gases  of 
H e ,  N e ,  N2, a i r ,  and CO are shown i n  F igures  2 through 6 ,  r e s p e c t i v e l y .  
Each po in t  r e p r e s e n t s  t h e  da t a  obtained from an  ind iv idua l  p a r t i c l e  and 
g i v e s  B as a func t ion  of t h e  i n i t i a l  p a r t i c l e  v e l o c i t y .  No c o r r e c t i o n  
was made f o r  t h e  d e c e l e r a t i o n  suf fered  by each p a r t i c l e .  
atoms per  p a r t i c l e  NA ranges  from about lo8 a t  20 km/sec t o  about 10 a t  
45 km/sec. The a b s o l u t e  number of i ons  c o l l e c t e d  va r i ed  from about 
3 x 10 t o  3 x 10  depending upon t h e  v e l o c i t y ,  t a r g e t  gas ,  and B. A s  
noted previous ly ,  t h e  s o l i d  p a r t i c l e s  are p o s i t i v e l y  charged when they  
e n t s r  t h e  gas t a r g e t .  
c o l l e c t o r .  However, no co r rec t ion  w a s  made t o  t h e  d a t a  s i n c e  t h e  number 
4 
of u n i t  e l e c t r o n i c  charges  c a r r i e d  by t h e  p a r t i c l e  ( t y p i c a l l y  lo3 t o  10 ) 
is n e g l i g i b l e  compared t o  t h e  number of ion-e lec t ron  pa i r s  formed i n  t h e  
gas.  
nega t ive  c o l l e c t o r .  
nega t ive  charge c o l l e c t e d  a t  t h e  p o s i t i v e  c o l l e c t o r  w a s  a l s o  monitored and, 
as  expected, t h e  r e s u l t s  were i d e n t i c a l .  
a t tempt  w a s  made t o  d i sc r imina te  between e l e c t r o n s  and nega t ive  ions  
c o l l e c t e d  a t  t h e  p o s i t i v e  p l a t e .  
p r o b a b i l i t y  of nega t ive  ion  formation is  probably n e g l i g i b l e  wi th  t h e  
p o s s i b l e  except ion of a i r  and C02.  
nega t ive  ion  formation c r o s s  s e c t i o n s  f o r  t h e  cases K -+ 02, K -+ C12, and 
2 
The number of 
7 0 
5 7 
This charge is  evez tua l ly  c o l l e c t e d  by t h e  ion  
N was determined from t h e  t o t a l  p o s i t i v e  charge c o l l e c t e d  a t  t h e  I 
A s  an i n t e r n a l  check f o r  cons is tency  t h e  t o t a l  
It should be pointed out  t h a t  no 
For most of t h e  t a r g e t  gases ,  t h e  
Bukhteev, e t  a1.,7 have measured 
-7- 
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Figure  2 .  I o n i z a t i o n  p r o b a b i l i t y ,  6, as a f u n c t i o n  of p a r t i c l e  v e l o c i t y  
f o r  i r o n  p a r t i c l e s  and a helium t a r g e t .  
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Figure 3 .  I o n i z a t i o n  p robab i l i t y ,  6, as a f u n c t i o n  of p a r t i c l e  v e l o c i t y  
f o r  i r o n  p a r t i c l e s  and a neon t a r g e t .  
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Figure 4. I o n i z a t i o n  p r o b a b i l i t y ,  6, as a f u n c t i o n  of p a r t i c l e  v e l o c i t y  
f o r  i r o n  p a r t i c l e s  and a n i t r o g e n  t a r g e t .  
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50 
PARTlClE VE LOClTY (KM/SEC) 
Figure 5 .  Ionization probability, 8 ,  as a function of par t i c l e  ve loc i ty  
for iron particles  and an a i r  target .  
-11- 
. 
PARTICLE VELOCITY (KM/SEC) 
Figure  6. I o n i z a t i o n  p r o b a b i l i t y ,  B,  as a func t ion  of p a r t i c l e  v e l o c i t y  
f o r  i r o n  p a r t i c l e s  and a carbon d iox ide  t a r g e t .  
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Rb * O2 and, a t  low ene rg ie s ,  t h l s  IS t h e  p re fe r r ed  process .  
The p r i n c i p a l  source of random e r r o r  i n  t h e s e  experiments i s  i n  t h e  
measurement of i n i t i a l  p a r t i c l e  charge,  q. Typica l ly ,  s ignal- to-noise  
r a t i o s  f o r  s i g n a l s  from t h e  charge d e t e c t o r  range from 3 o r  4 t o  one a t  
high v e l o c i t i e s  t o  b e t t e r  than  ten t o  one a t  t h e  low v e l o c i t y  end. The 
probable  e r r o r  i n  determining q ranges from an es t imated  5 i5Z at ‘nigh 
v e l o c i t i e s  t o  & 5% a t  low v e l o c i t i e s .  
v 
about 5 1%. 
measurement of N A’ 
are much less, t o t a l i n g  an estimated 5 3% due p r i n c i p a l l y  t o  reading t h e  
d a t a  from t h e  photographic records.  
Random e r r o r s  i n  t h e  measurement of 
are probably less than  Ifi 3% and t h e  a c c e l e r a t i n g  vo l t age  is  known t o  
0 
A l l  of t h e s e  q u a n t i t i e s  combine t o  e f f e c t  t h e  accuracy of t h e  
Random e r r o r s  a s soc ia t ed  wi th  t h e  measurement of NI 
Poss ib l e  sys temat ic  e r r o r s  occur i n  t h e  measurement of t h e  
capac i tance  and g a i n  of t h e  ampl i f i e r s  used on t h e  p a r t i c l e  charge d e t e c t o r  
. and ion  c o l l e c t o r .  The abso lu te  c a l i b r a t i o n  of t h e  a c c e l e r a t i n g  v o l t a g e  
a l s o  must be considered.  It i s  estimated t h a t  t h e  t o t a l  sys temat ic  e r r o r  
due t o  t h e s e  e f f e c t s  is  less t h a n f 1 8 %  over t h e  e n t i r e  range of v e l o c i t i e s .  
A g r e a t  d e a l  of c a r e  was exercised i n  minimizing ion  escape and e l e c t r o n  
m u l t i p l i c a t i o n  wi th  t h e  r e s u l t  t h a t  e r r o r s  due t o  t h e s e  e f f e c t s  are con- 
s idered  t o  be n e g l i g i b l e  a t  low v e l o c i t i e s  and perhaps as much as 510% 
a t  t h e  extreme high v e l o c i t y  end” 
I n  order  t o  draw a comparison between t h e  e f f e c t s  of t h e  t a r g e t  gas  
on 6, f r e e  hand curves  represent ing  t h e  d a t a  of F igures  2 through 6 are 
shown i n  F igure  7 .  Since 
t h e  k i n e t i c  energy of t h e  c e n t e r  of mass is  a cons t an t  of t h e  motion, t h e  
energy a v a i l a b l e  E f o r  i n e l a s t i c  processes  is t h e  d i f f e r e n c e  between t h e  
k i n e t i c  energy of t h e  moving p a r t i c l e  i n  t h e  l abora to ry  system and t h e  
k i n e t i c  energy of t h e  c e n t e r  of mass. Assuming t h a t  t h e  F e  atom is 
p r e f e r e n t i a l l y  ion ized  because of i t s  l o w  i o n i z a t i o n  energy (E 
B is p l o t t e d  as a func t fon  of E - E 
i n  F igure  7 .  
Fe  atoms are p r e f e r e n t i a l l y  ionized.  
An energy r ep resen ta t ion  is a l s o  commonly used. 
A 
= 7.85 eV), 
i n  Figure 8 f o r  t h e  same curves  given 
I 
A I  
W e  have not  experimental ly  v e r i f i e d  t h e  assumption t h a t  t h e  
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Figure 7 .  Ionizat ion probabi l i ty ,  8 ,  as a function of incident  p a r t i c l e  
ve loc i ty  f o r  i ron  pa r t i c l e s  and several  d i f f e ren t  gases. The l i n e s  
represent the  best  f r e e  hand f i t  t o  the  da ta  given i n  Figures 2 
through 6.  
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Z 
0 
EA - 4 (ELECTRON VOLTS) 
Figure 8 .  Ionization probability,  8 ,  as  a function of energy i n  excess  of 
the ionization energy for iron par t i c l e s  and several target  
gases ,  
given i n  Figures 2 through 6 .  
The l i n e s  represent the b e s t  f r e e  hand f i t  t o  the data 
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4 .  DISCUSSION OF RESULTS 
I o n i z a t i o n  processes  are usua i iy  descr ibed  i n  terms of t h e  ion i -  
z a t i o n  c ross -sec t ion  uJI r a t h e r  than B .  
s e c t i o n s  are determined by using t h i n  t a r g e t s  where t h e  p r o b a b i l i t y  of 
m u i t i p i e  i on iz ing  c o i i i s i o n s  is neg l ig ib l e .  For ths present w r k  t h i s  is 
not  t h e  case.  W e  r e q u i r e  t h a t  t he  t a r g e t  gas  c o l l i s i o n s  provide t h e  energy 
t o  vapor i ze  t h e  p a r t i c l e  and t h e  t a r g e t  gas  p re s su re  and volume are  f ixed  
by t h i s  requirement.  
s u f f e r  m u l t i p l e  c o l l i s i o n s  i n  t h e  g a s .  
from B ,  but  t h i s  r e q u i r e s  a d e t a i l e d  knowledge of s c a t t e r i n g  processes ,  e tc . ,  
which is no t  p re sen t ly  a v a i l a b l e .  However, an  estimate of u can be made 
and, as shown below, t h e  r e s u l t s  agree wi th  those  obtained by o the r  ex- 
per imenters .  
I n  molecular beam work, c r o s s  
I n  a l l  cases ,  t h e  vaporized atoms and r e a c t i o n  products  
I n  p r i n c i p l e ,  uI can be ca l cu la t ed  
I 
Consider t h e  case  of Fe a t o m s  i nc iden t  on N molecules (molecular 2 
weight 2 8 ) .  Assuming i s o t r o p i c  s c a t t e r i n g  i n  t h e  c e n t e r  of mass system, 
t h e  average k i n e t i c  energy of Fe atoms f o l l o w i n g a  c o l l i s i o n  is  about one- 
ha l f  of t h e  i n i t i a l  k i n e t i c  energy of t h e  atom. L e t  E r ep resen t  t h e  energy 
a v a i l a b l e  f o r  i n e l a s t i c  processes  a t  t h e  f i r s t  c o l l i s i o n  of an  ion  atom wi th  
a N molecule.  
Now if t h e  i n i t i a l  energy is such t h a t  1 / 2  EA ; EI w e  can s a f e l y  assume 
t h a t  u f o r  t h e  second c o l l i s i o n  is n e g l i g i b l y  small. I n  t h i s  i dea i i zed  
case, then,  t h e  measured 6 i s  e s s e n t i a l l y  equiva len t  t o  uI a t  t h e  energy 
corresponding t o  t h e  i n i t i a l  energy of t h e  inc iden t  Fe atom. 
only  a small number of i on iz ing  c o l l i s i o n s  are  e n e r g e t i c a l l y  poss ib l e .  
a n a l y s i s  of t h i s  kind i n d i c a t e s  t h a t  an est imated 50 t o  80% of t h e  ion  
p a i r s  produced a t  t h e  h ighes t  energ ies  a v a i l a b l e  are due t o  t h e  f i r s t  
c o l l i s i o n  of t h e  inc iden t  atom with a gas  molecule.  A t  lower ene rg ie s  t h e  
f r a c t i o n  of f i r s t  c o l l i s i o n  ion iz ing  events  is probably h igher .  
A 
0 
Afte r  t h e  f i r s t  c o l l i s i o n  t h e  energy a v a i l a b l e  i s  1 / 2  EA. 2 
I 
By t h i s  l o g i c ,  
An 
Another f a c t o r  t h a t  should be considered is t h e  p o s s i b i l i t y  of 
i o n i z a t i o n  from exc i t ed  s t a t e s  due t o  m u l t i p l e  c o l l i s i o n s .  I n  order  f o r  
t h i s  t o  be a major e f f e c t ,  very  l a r g e  e x c i t a t i o n  c r o s s  s e c t i o n s  would be 
requi red  and i t  is  assumed t h a t  t h i s  type  of s tepwise  i o n i z a t i o n  is s m a l l  
compared t o  d i r e c t  i o n i z a t i o n  from a s i n g l e  c o l l i s i o n .  Thus, t o  a f i r s t  
-16- 
approximation a t  l e a s t ,  uI = nBuc where uc denotes  t h e  c o l l i s i o n  c r o s s  
s e c t i o n  and rl v a r i e s  between one-half and one depending upon t h e  i n i t i a l  
energy of t h e  Fe  atom. 
The only experimental  r e s u l t s  a v a i l a b l e  t o  which a d i r e c t  comparison 
may be  made are those  of Bukhteev and Bydin.2 
technique,  they determined ion iza t ion  c r o s s  s e c t i o n s  f o r  Fe atoms i n c i d e n t  
on a N t a r g e t  gas .  They g ive  va lues  of u = 0.25 x 10  f o r  an  Fe atom 
v e l o c i t y  of 80 km/sec and uI = 0.4 x They po in t  ou t  
t h a t  these are only o rde r  of magnitude r e s u l t s  because ions  s c a t t e r e d  
through angles  l a r g e r  than 1" 48' were not  de t ec t ed .  We assume t h a t  they 
have not  made a l a r g e  angle  s c a t t e r i n g  c o r r e c t i o n  t o  t h e i r  d a t a .  
t h a t  t h e  s c a t t e r i n g  func t ion  is i s o t r o p i c  i n  t h e  c e n t e r  of mass system 
l e a d s  one t o  b e l i e v e  t h a t  t h e i r  measured c r o s s  s e c t i o n  are ,  t o  wi th in  an 
o r d e r  of magnitude, equal  t o  t h e  c o l l i s i o n  c r o s s  s e c t i o n ,  u . From our  
work oI : 0.6 uc f o r  Fe + N2 r eac t ions  a t  a v e l o c i t y  of 40 km/sec. 
we have assumed rl  = 0.7 and, from Figure  7 ,  f3 = 0.8.  Thus, t h e  r e s u l t s  
are  i n  good agreement, a t  least t o  t h e  ex ten t  t h a t  t h e  approximations made 
are v a l i d .  
Using an atomic beam 
-1 6 
2 I 
a t  100 km/sec. 
Assuming 
C 
Here 
On a more q u a l i t a t i v e  b a s i s ,  some a d d i t i o n a l  g e n e r a l i z a t i o n s  may be 
drawn from t h e  experimental  r e s u l t s .  For example, t h e  d a t a  presented i n  
F igures  7 and 8 i n d i c a t e  t h a t  t h e  ra te  of change of 6 with  v e l o c i t y  (or  
energy) appears  t o  be sys t ema t i ca l ly  g r e a t e r  when t h e  t a r g e t  gas  is 
monatomic (He and N e )  than i s  t h e  c a s e  f o r  diatomic (N2 and a i r )  o r  
t r i a t o m i c  (C02)  t a r g e t  gases .  
mated from our r e s u l t s  are s i g n i f i c a n t l y  g r e a t e r  than  those  obtained when 
both  t h e  t a r g e t  and p r o j e c t i l e  molecules are common gases .  
a number of r ecen t  papers ,  
s e c t i o n  measurements wi th  most combinations of H 2 ,  H e ,  N e ,  0 
molecules.  
Bukhteev13 who obtained u 
v a r i e t y  of t a r g e t  gases .  
have l a r g e  i o n i z a t i o n  c r o s s  sec t ions .  
Also, t h e  i o n i z a t i o n  c ros s - sec t ions  esti- 
For example, 
have given t h e  r e s u l t s  of i o n i z a t i o n  c r o s s  
N 2 ,  and A 2' 
Our r e s u l t s  appear t o  be similar t o  those  of Bydin and 
f o r  a l k a l i  metal atoms i n t e r a c t i n g  wi th  a I 
The apparent  conclusion is t h a t  meta l - l ike  atoms 
-17- 
5. SUMMARY 
The method of producing a n  "atomic beam:: by v a p o r i z a t i o n  of s o l i d  
meta l l ic  p a r t i c l e s  has  been used t o  determine i o n i z a t i o n  p r o b a b i l i t i e s  f o r  
Fe atoms i n t e r a c t i n g  wi th  v a r i o u s  g a s  t a r g e t s .  The r e s u l t s  obtained appear 
t o  be compatible w i t h  those  obtained by more convencionai techniques.  Ex- 
c e p t  f o r  t h e  problem of determining oI from t h e  measured B ,  t h e  experimental  
procedures  are q u i t e  s t ra ight forward  and t h e  magnitudes of t h e  experimental  
probable  e r r o r s  are smaller than  those  u s u a l l y  s t a t e d  f o r  atomic beam 
work when similar types  of p r o j e c t i l e  atoms ( i . e . ,  m e t a l l i c )  a r e  used. 
The range of e n e r g i e s  a v a i l a b l e  i s  l i m i t e d  a t  t h e  lower end by t h e  requi re -  
ment of t o t a l  p a r t i c l e  vapor iza t ion  and a t  t h e  upper end by t h e  charac- 
t e r i s t i c s  of t h e  p a r t i c l e  a c c e l e r a t o r .  The choice  of p a r t i c l e  materials 
is l i m i t e d  t o  metals (o r  a t  least  r e l a t i v e l y  good conductors) ,  b u t ,  t h e  
u s e  of t h i s  technique promises t o  i n c r e a s e  t h e  number of i o n i z a t i o n  re- 
a c t i o n s  which may be s tudied  experimental ly .  
-18- 
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